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"777-. Abstract. This paper reports multi-point observations a change in the IMF from positive B. to negative B_ is
of ionospheric convection made during the SUNDI- an enhancement in the plasma flow magnitude. The
AL 1987 campaign. Two specific intervals of varying response time of the ionospheric convection to each
interplanetary magnetic field, which also include sev- southward turning varies from 15 minutes near
eral substorms, have been identified for detailed study. 1800 MLT to 30 minutes near 2100 MLTand closer to
The two intervals differed considerably in both the an hour near midnight. In both instances, a growth
input of energy from the solar wind to the magneto- phase can be identified as an increase in ionospheric
sphere prior to the substorm expansion phase onset convection following a southward turning of the IMF.
and the response during the expansion phase. One The overall length of each growth phase was similar,
substorm can be represented by the classical picture of about 90 minutes, despite the different prevailing solar
growth phase, expansion phase and recovery phase. wind and IMF conditions. Furthermore this time is
The other, which occurred during an interval of weak somewhat longer than previous observations. During
energy input from the solar wind to the magneto- one of the substorms, which consisted of several inten-
sphere, was more complex, in particular during the sifications, there is evidence that the nightside flow
expansion phase. Observations of the earth's magnetic reversal moved progressively to earlier local times in
field in the midnight sector provide the timing of the response to each substorm intensification.
expansion phase onset of substorms which allow the
separation of ionospheric effects due to changes in
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Abstract. This paper reports multi-point observations 1 Introduction
of ionospheric convection made during the SUNDI-

of inosheri covecton ade urig th SUDI- The magnetospheric substorm is the major mechanism
AL 1987 campaign. Two specific intervals of varying for the release of energy from the magnetosphere into the
interplanetary magnetic field, which also include sev- for the iofosnergyIfrom the magntosphere intoh
eral substorms, have been identified for detailed study. nightside ionosphere. Initially the substorm was identa-
The two intervals differed considerably in both the fled in ground-based auroral images and magnetometer
input of energy from the solar wind to the magneto- data (Akasofu. 1968), but since the advent of in situ space-

sphere prior to the substorm expansion phase onset craft measurements, in particular at geosynchronous or-

and the response during the expansion phase. One bit in the geomagnetic tail, the large scale nature of sub-

substorm can be represented by the classical picture of storms has become more widely appreciated. Several re-

growth phase, expansion phase and recovery phase. view articles have covered a variety of aspects cfsubstorm

The other, which occurred during an interval of weak research (McPherron, 1979; Rostoker et al.. 1980. 1987;

energy input from the solar wind to the magneto- Baumjohann. 1988). Much of the work on magnetospher-

sphere, was more complex, in particular during the ic substorms has centered upon the search for a model to
expansion phase. Observations of the earth's magnetic explain the general nature of the phenomenon. At pres-

field in the midnight sector provide the timing of the ent, several models have been proposed lsee review by

expansion phase onset of substorms which allow the Kan, 1990); the directly driven mechanism (Akasofu,

separation of ionospheric effects due to changes in 1980); the energy storage-release mechanism involving

IMF and substorms. The primary ionospheric effect of the formation of a near-Earth neutral line (Hones, 1979);

a change in the IMF from positive B. to negative B. is the low-latitude boundary layer model (Rostoker and

an enhancement in the plasma flow magnitude. The Eastman, 1987); and the thermal catastrophe model

response time of the ionospheric convection to each (Smith er al., 1986, Goertz and Smith, 1989). Considerable

southward turning varies from 15 minutes near controversy remains concerning which of the above most

1800 MLT to 30 minutes near 2100 MLT and closer to accurately represents the substorm and attempts to syn-

an hour near midnight. In both instances, a growth thesis the various models are now being made (Lui, 1991).

phase can be identified as an increase in ionospheric The role of the magnetospheric substorm in coupling

convection following a southward turning of the IMF the magnetosphere and ionosphere is particularly impor-

The overall length of each growth phase was similar, tant. One of the manifestations of this coupling is the high

about 90 minutes, despite the different prevailing solar latitude ionospheric convection pattern. Ionospheric con-

wind and IMF conditions. Furthermore this time is vection on the dayside is driven predominantly by recon-

somewhat longer than previous observations. During nection between the interplanetary magnetic field (IMF)

one of the substorms, which consisted of several inten- and the geomagnetic field as first proposed by Dungey,

sifications, there is evidence that the nightside flow (1961). For southward [MF and under steady state condi-

reversal moved progressively to earlier local times in tions, open magnetic field lines move across the polar cap

response to each substorm intensification. in an anti-sunward direction. These open field lines then
reconnect in the geomagnetic tail and a return flow in the
ionosphere is imposed on closed magnetic field lines. The
resultant two cell, ionospheric convection pattern for

Present address: British Ant.4,c!ic Survey. High Cross, Madingley southward IMF conditions has been well established and
Road. Cambridge. CB3 OET. UK empirical models of the average convection pattern devel-
Correspondence to: M. Lester oped from both spacecraft observations (e.g. Heelis, 1984:
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Heppner and Maynard, 1987) and ground based radar 0000 uT

observations (e.g. Foster, 1983, Foster et al, 198 ; Wal- 1200
dock er al., 1985). The convection pattern for nortiward
IMF conditions is, as yet. not as well understood and may
consist of three or four cells (Heelis, 1984) or two distorted
cells (Heppner and Maynard. 1987).

Although these empirical models provide useful infor-
mation on the average behaviour of ionospheric convec-
tion, they provide little information on the response times /7
of convection to changes in the IMF or on the instanta-
neous convection pattern. Studies of the response of the 10
dayside high latitude convection pattern to changes in the 1800 0600

north-south, Z, component of the IMF have been under- o
taken with the EISCAT Polar experiment (Etemadi et al.,
1988: Todd et al., 1988; Lockwood, 1991). In the noon
local time sector. the magnitude of the convection flow w ,

increases a few minutes after the arrival of southward
IMF at the subsolar magnetopause, but this lag increases
to between ten and fifteen minutes at 0800 MLT and 1900
MLT (Etemadi et al., 1988). Similar response times of the
ionospheri" 7--,vection near noon to ,lianges in the Y 2400

component of the IMF have been found by Greenwald SS Sondrestrom EIS EISCAT(F-Region)
et al., (1990) in simultaneous conjugate radar observa- Gs Goose Say EIS x SOR and PEL

tions. The average response time between an IMF transi- MH Millstone Hill Wl Wick

tion and the start of the convection reconfiguration was Fig. 1. Polar plot which shows the locations of the radar fields of

8 minutes and the new convection pattern was achieved view and magnetometer stations in invariant latitude and magnetic

within 6 minutes of this reconfiguration onset. Although local time at 0000 UT.
an increase in the strength of the convection flow in the
dawn sector may occur up to fifteen minutes after a south-
ward turning of the IMF, the boundary between the sun- Table 1. Locations of the stations of the EISCAT magnetometer
ward and anti-sunward convection flows, often termed cross
the polar cap boundary, has been seen to move equator-
ward in the pre-dawn sector some 4 to 12 minutes after a Station Geographic Corrected geomagnetic
southward turning of the IMF (Lester et al., 1990). Recent Lat Long Lat Long
models of ionospheric convection (Siscoe and Huang,
1985; Moses et al.. 1987, 1989; Lockwood et al., 1990) SOR 70.5 22.2 67.3 107.9
propose that the instantaneous convection pattern will be ALT 69.9 23.0 66.6 107.8
determined by the balance between reconnection rates at KAU 69.0 23.1 65.8 107.2

the dayside magnetopause and in the tail. If the former MUO 68.0 23.5 64.7 106.7
PEL 66.9 24.1 63.6 106.2

dominates then ionospheric convection will be strongest KIL 69.0 20.8 66.0 105.6
on the dayside: if the latter dominates then ionospheric KEV 69.8 27.0 66.2 110.6
convection will be strongest on the nightside. These mod-
els do not explicitly require substorms to be the primary
source for the nightside convection, but it seems likely
that they play a significant role. Furthermore, the onset of
magnetospheric substorms is closely related to the IMF tems measure a range of ionospheric parameters, but only
orientation at the magnetopause (e.g. Foster et al., 1971). the ion velocity perpendicular to the magnetic field in the

In this paper we consider the response of the iono- F region and electron density in the E region will be
spheric convection in the post dusk and midnight sectors presented here. This paper considers two specific inter-
to changes in the IMF B_ component, as well as the effect vals, one from 2200 UT on June 1 to 0400 UT on June 2,
of one isolated substorm and two weak substorms on and the other from 1800 UT on June 2 until 2400 UT on
ionospheric convection. This study is undertaken with the June 2. Each interval contained at least one substorm,
data set collected during the SUNDIAL 1987 campaign identified by data from the EISCAT magnetometer cross
and, in particular, an extended run of the Incoherent (Lidhr et al., 1984). The co-ordinates of the 7 stations in
Scatter radars at EISCAT, Sondrestrom Fjord and this network are given in Table 1. Each of the incoherent
Millstone Hill. The SUNDIAL campaign of 1987 scatter radars operated a different programme which will
(Szuszczewicz et al., 1993) lasted from May 29 to June 8 be described as the data are discussed. Other data sets are
and during this interval the incoherent scatter facilities available, but not shown, from the VHF coherent radar at
operated continuously from June 1 to June 5. Data from Wick, originally part of SABRPF (Nielsen et al., 1983) and
this latter period have also been used for the GISMOS the HF coherent PACE radar i t Goose Bay (Greenwald
campaign (Clauer et al., 1989). The incoherent scatter sys- et al.. 19S5). Although the HF and VHF systems operated
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continuously they require the presence of plasma irregu- ., _ ,,,., -!0
larities in the ionosphere to cause radar backscatter. a Bx - ---.---- -10
Backscatter was detected by both systems during the first
interval, but only on the Goose Bay system during the b By to
second. The location of all of the radar fields of view and 10
the magnetometers at 0000 UT in invariant latitude and 10 to
magnetic local time (MLT) are given in Figure 1 for refer- Bz "-to
ence. IMF and solar wind data were available from the d [ -.O

IM P-8 spacecraft. The equatorward bounday of the auro- d soR .,
ral oval in the midnight sector during the intervals was I 500{nT
estimated from particle data from the DMSP spacecraft pEL
(Gussenhoven et al., 1981). e -

2 interval 1 - 2200 UT 1/6/87 to 0400 UT 2/6/87 .- /

Interplanetary Conditions 72 "- \-' ]' I/ 1"
70- - I S

The three GSM components of the IMF, B., positive 68eC d n T
towards the sun, By, positive to the east, and B. positive 66-.
northward, are plotted in panels a to c of Fig. 2. The data f 6,4 " '

finish just before 0400 UT. During this interval the IMP-8
spacecraft was located 36 R, upstream from the Earth 79
with Y and Z GSM coordinates of -6 Re and -13 RE
respectively. Prior to the interval, B. was Z7nT from 77 -_

2000 UT, B• was positive from - 1900 UT and B. was .75
mainly negative apart from two brief positive intervals, u-n i -i 3kns
the last of which started at 2154 UT. Throughout interval 73 - '_-\ h. " !_x,,
I, the B, component of the IMF was positive apart from ...... .-71 V
two periods, 2201 UT to 2213 UT and 0006 UT to 0048. 7'
The B_ component turned negative at 2222 UT and, apart g"
from a brief interval, 2304-2308 UT, remained negative
until 0000 UT. A second shorter interval of negative B. Soo-, -67.5* A

Eoccurred between 0039 UT and 0102 UT. One final peri- >, 
6 .0" Aod of southward IMF started at - 0243 UT, when the B.

C-

component became 0 nT, eventually turning southward -

at 0258 UT, and lasted until 0328 UT. The total field mag- >
nitude (data not shown) was about 10 nT for most of the z .

interval apart from a twenty minute interval before
0100 UT when it reached 15 nT. .> -1500

The solar wind speed (not shown) during this interval 0
was fairly stable at 380 km s-' until -0028 UT when h 22 23 00 01 02 03 04 tr
there was a rapid increase to 420 km s . A gradual de- Fig. 2. Panels a-c. IMP-8 Interplanetary Magnetic Field (IMF)
crease to 380 km s-' at 0100 UT was followed by a data from 2200 UT on 1 June 1987 (Day 152) to 0400 UT on 2 June
steady increase to 440 km s' at -0200 UT The number 1987 (Day 153). The data are plotted in GSM coordinates. Panels
density in the solar wind (not shown) prior to this interval d, e. The X (North-South) component of the magnetic field mea-
reached a value of -35 cm- 3 , which is considerably sured bySOR and PEL stations of the EISCATmagnetometercross
higher than normal at Earth orbit (Bame et al., 1968), at for the same interval. The scale is given to the right of the panel.
about 2000 UT, remaining at this level until 2200 UT, the Panel f. Tri-static measurements by the EISCAT radar of the ionvelocity perpendicular to the magnetic field at 275 kms altitude for
start of the interval studied here. From then there was a the same interval plotted against geographic latitude. The scale is
gradual decrease until -0300 UT when it had reached a given to the right of the panel. The dashed line represents the
value of 6 cm 3 . There followed a sharp increase in densi- boundary between eastward and westward flow. Panel g. Estimates
ty to between 10 to 12 cm - ' where it remained until of the ion velocity perpendicular to the magnetic field by the Son-
- 0143 UT, after which the density decreased to between drestrom incoherent scatter radar for the same interval as a function
8 and 10 cm -3 In summary, although the speed of the of invariant latitude. The scale is given to the right of the panel. The

1 mdashed line represents the boundary between and westward flow.
solar wind during this interval was typical, the density Panel h. Estimates of the east-west component of the ion velocity
was rather higher than normal, particularly in the first perpendicular to the magnetic field by the Millstone Hill incoherent
couple of hours. scatter radar for the same interval at two invariant latitudes
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The European sector during the CP-3 experiment in which the Tromso trans-
mitter scanned a range of latitudes making measurements

At the start of this interval the stations in the European in 17 different pointing positions, 16 of which were
sector are near magnetic midnight. The unfiltered X corn- aligned approximately along a geomagnetic meridian.
ponent (north-south) magnetograms from the northern- The remote sites at Kiruna and Sodankyli followed the
most, SOR, and the southernmost, PEL, stations of the scan and intersected the transmitter beam at an altitude
EISCAT magnetometer cross (Fig. 2, panels d and e) indi- near 275 km, thus providing for tristatic measurements of
cate a substorm expansion phase onset just after 0000 UT the ion velocity at this altitude. The scan took just over
(-0230 MLT) on 2 June. Negative X component bays 26 minutes to complete and each scan started on the hour
occurred at all stations, consistcut with an enhanced west- or on the half hour UT. The first point in the scan was to
ward electrojet (eastward ion flow). The Z component the east of the geomagnetic meridian and has not been
bays (not shown) were negative at the two lowest latitude employed here.
stations (MUO and PEL) and positive at the five higher The component of the tristatic ion velocities perpen-
latitude stations, indicating that the electrojet was centred dicular to the magnetic field which were measured by the
at a latitude between MUO and KAU (64.7"A,-65.8 ,1) EISCAT radar during the 6 hour interval show several
(Kisabeth and Rostoker 1973, Rostoker et al., 1980). The interesting features (Fig. 2, panel f). Between 1900 UT and
X component at each station reached its lowest value 2130 UT (data not shown), the flow was predominantly
between 0020 UT and 0030 UT, and this was followed by south westward with magnitude - 700 ms - ' at latitudes
the onset of the recovery phase of the substorm (Rostoker above 72'N geographic latitude (- 69 .,1) and westward
et al., 1980). This latter phase lasted until about 0200 UT with magnitude -250 ms- at latitudes below 70'N
by which time the magnetic field at all stations had re- (,-67 'A). The flows after 2130 UT were very weak
turned to its pre-substorm levels and the stations had (<400m s-)atall latitudesand by 2230 UT ihe ion flow
moved towards dawn (-0430 MLT). The auroral break- had turned eastward. An incursion of westward ion fi•ow
up region of the substorm expansion phase is often iden- into the field of view from the north, was initially evident
tified with the western upward field-aligned current of the on the scan starting at 2300 UT (- 0130 MLT). The
substorm current wedge. The longitudinal location of the boundary between westward and eastward flow moved
current wedge cannot be un:,mbiguously determined equatorward to a minimum latitude of 67°A on the scan
from the EISCAT magnetometer cross data. Data from starting at 0000 UT (--0230 MLT). The last measure-
the Lerwick magnetic observatory (not shown, for this ment of westward flow on this scan was made at 0011 UT,
interval indicate that the centre of the substorm current 5 minutes after the onset of the substorm expansion phase
wedge, defined by the location where the mid-latitude Y identified by the EISCAT magnetometer cross. On the
component bay changes from positive to negative scan starting at 0030 UT, the convection flow was pre-
(McPherron et al., 1973, Lester et al., 1989), was west of dominantly eastward, apart from two measurements of
Lerwick (geographic longitude -0 "E). Thus, the western equatorward flow at -0035 UT and near 71 'A. Another
field-aligned current of the substorm current wedge, and incursion of westward ion flow from the north then oc-
hence the auroral break-up region, would have been lo- curred on the following radar scan. The boundary be-
cated to the west of Lerwick and also well to the west of tween westward and eastward ion flow then retreated
the EISCAT magnetometer cross stations. poleward at some time after 0136 UT and before

The time of the substorm expansion phase onset is 0200 UT, as did the equatorward boundary of the east-
usually identified to within a minute by the start of a Pi2 ward convection. Notice also the general increase in flow
pulsation (Rostoker and Olson, 1979, Rostoker et al., magnitude between the scans which started at 2230 UT
1980). The EISCAT Cross magnetograms have been and 2330 UT. This increase in flow magnitude was partic-
filtered in the Pi2 frequency range, 5-25 mHz, and the ularly noticeable at the latitudes where the flow reversed
initial expansion phase onset identified at 0006 UT. Sub- direction.
storms often have secondary intensifications (Rostoker Plotted in Fig. 3 are estimates of the electron density at
et al., 1980) and there were subsequent Pi2 pulsations 115 km altitude based upon the range corrected power
indicating such intensifications at 0016 UT, 0027 UT, and assuming Te = Ti. If T. was larger than Ti, which may
0038 UT, 0050 UT and finally during this expansion have been the case during intervals of particle precipita-
phase at 0116 UT. This last event was weak and only tion, then the actual electron density would have been
identified in the filtered Y component. Another Pi2 higher than those estimated in Fig. 3. The assumption
pulsation occurred at 0346 UT, but there were no strong that T, = T, is not critical in this study since no quantita-
concurrent bay signatures in the magnetometer data tive use is made of the electron density estimates. The
which suggests that the auroral break-up occurred threshold in electron density for the equatorward
well to the west of the EISCAT magnetometer cross boundary of the auroral oval (see below) is purely illustra-
longitude, tive of the change in latitude of the boundary during the

The EISCAT incoherent scatter facility operated the interval of interest. At the altitude of 115 km and for the
CP-3 programme (Baron, 1984) for the first 48 hours of local time of the measurements, observations above
the extended run followed by a 48 hour run of the UK about 1.0 x 10" m- 3 indicate particle precipitation. On
programme Polar designed to study high latitude convec- the basis of this inferred particle precipitation, the auroral
tion with high temporal resolution (van Eyken et al., oval was located initially between 65'zA and 68',4. How-
1984). The two intervals discussed in this paper occurred ever, there appeared to be an equatorward movement
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Fig. 3. Estimates of electron density measured by EISCAT at I 15 kmn Fig. 2 f. The bars at the top (bottom) of the panel indicate the times
altitude as a function of time and latitude for the interval shown in of negative B, (B.) at the subsolar magnetopause. The vertical ar-
Fig. 2. The colour code is given on the right of the panel. Overlaying rows at the bottom of the panel represent Pi2 pulsations.
the electron density measurements are the velocity vectors from

between -. 2237 UT and 2317 UT such that only the vection flow and, thus, the return flow of the morning
poleward edge of the aurora appeared within the radar convection cell. The convection flows measured by EIS-
field of view on the scan starting at 2300 UT. A poleward CAT during the interval of coherent backscatter and at
leap followed between -2347 UT and 0009 UT, coinci- magnetic latitudes similar to the Wick measurements
dent with the substorm expansion phase onset. Between (62-67"A), were also eastward from 2320 to 0135 UT
0120 UT and 0148 UT the equatorward boundary of the (Fig. 2, panel 0. The SABRE backscatter intensity was
particle precipitation again moved poleward, but this fairly weak at first, <10dB, but increased rapidly at
time more gradually. It moved from about 65°A at -2351 UT. This time coincided with an increase in the
0148 UT to about 67 °A at 0342 UT, an average speed of magnitude of the line of sight velocity to more than
- 30 m s- '. The equatorward boundaries of particle pre- 500 m s-t at -65.5 'A. This increase is consistent with
cipitation and convection followed each other closely in EISCAT ion flow measurements where the flow magni-
this latter interval. tude increased after - 2300 UT and may represent the

In the northern hemisphere, the equatorward edge of general expansion of the convection pattern due to the
the auroral oval identified by the DMSP F6 spacecraft southward turning of the IMF at - 2223 UT, as will be
was located at - 66 'A at - 0012 UT (- 1950 MLT). The discussed later. The peak intensity of coherent backscat-
F7 spacecraft identified the equatorward edge of the oval ter and maximum line of sight velocity, measured by the
at -62.5 'A at -(0005 UT (-0015 MLT). On the next Wick radar occurred between 0000 UT and 0020 UT, the
passes of both spacecraft the equatorward edge had expansion phase of the substorm. There was a general
moved to 68°A at 1903 MLT (0152 UT, F6) and between decrease in the magnitude of the line-of-sight velocity
62°A and 64 OA at 2350 MLT (0148 UT, F7), (this is hard from 0030 UT (-0230 MLT), consistent with EISCAT
to identify clearly because of the spacecraft track). The ion flow measurements, which were generally weaker on
poleward motion of the equatorward edge of the pre-mid- the scan starting at 0100 UT (- 0330 MLT) at the lower
night auroral oval measured by DMSP during this inter- latitudes, as well as the magnetometer data, which indi-
val was similar to that inferred in the post-midnight sec- cated the beginning of the substorm recovery phase at
tor by the EISCAT E-region electron density measure- -0030 UT.
ments. However, the equatorward edge of the auroral
oval in the midnight sector appeared to change little. The North American sector

The Wick VHF coherent radar, which formed part of
the SABRE system (Nielsen et al., 1983), was operational Convection flow velocities are calculated from Goose Bay
throughout the campaign. Coherent backscatter oc- coherent radar data by fitting the line of sight velocity
curred from 2320 UT (-0120 MLT) until 0135 UT along 16 beams to a cosine relationship (Ruohoniemi
(- 0335 MLT), during which time the line of sight velocity et al., 1989). During the interval of interest, the radar ob-
was away from the radar, consistent with eastward con- served F-region backscatter at latitudes 69-71 'A from
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2346 UT (-- 2046 MLT) and relatively large westward and the convection velocities at positions along tihe mag-
flow velocities, > 1 km s-', occurred for about netic meridian were computed from the line of sight veloc-
10 minutes. After this period only E-region backscatter, ities at the same latitudes along each beam with
at latitudes < 68 SA, was present and during the interval - 8 minute temporal resolution. The estimated east-west
0000 UT (--2100 MLT) to 0020 UT (-2120 MLT) the component of the ion velocity at 67.5 _A (full line) and
convection was highly variable, both spatially and tem- 65 'A (dashed line) are given in Fig. 2, panel h. Prior to
porally, such that there is difficulty in fitting flow veloc- -2230 UT ( - 1730 MLT) the east west flow measured by
ities to the data. A stable convection pattern was estab- Millstone H1ll at both latitudes was typically less than
lished, characterised by a strongly westward flow, at 100 m s -. However, after 2244 UT the flow increased
-002' UT in this E-region backscatter. A second distinct rapidly to larger than 500 m s - at 2308 UT at 67.5 -'1

transition in the flow was a change to equatorward flow and at about 2340 UT at 65 `A. The zonal component of
at 0100 UT( -2200 MLT) as the radar entered the region the flow at this time was westward. The largest flow at
of the Harang Discontinuity and all backscatter haý died 65'A occurred at 0017 UT, where it was > 1500 m s- 1.
away by 0155 UT. F-region backscatter returned at indeed for most of the interval from 0015 UT to 0100 UT
0240 UT and from 0300 UT the flows were eastward and the magnitude remained larger than 1 km s - ' at both
considerably stronger, occasionally larger than I km s-. latitudes. After this, however, the flow magnitude de-

The operating mode of the Sondrestrom incoherent creased rapidly. After 0113 UT the flow magnitude was
scatter radar for this interval was a modified World Day less than 500 m s ` and the east-west component steadily
Mode (de la Beaujardi~re et al., 1987) which consisted of declined. The flow direction remained predominantly
one elevation scan in the magnetic meridian and two westward until 0336 UT, when there was a reversal to
pairs of positions at 30ý elevation angle looking to the predominant eastward flow. This flow reversal occurred
north and to the south. The two pairs extended the con- simultaneously at both 67.5 'A and 65 1A.
vection coverage obtained from the elevation scan such
that the convection measurements were made between 3 Discussion - interval 1
-69.5°/ and -79'A. The elevation scan velocity vec-
tors were obtained following a procedure in which the Estimate of the spacecraft -magnetopause time lag
line-of-sight ion velocities at both E and F region heights Before discussing the effects of the IMF and substorms on
were combined with a neutral atmosphere model to
derive the ion velocity component perpendicular to the the convection pattern during this interval, it is necessary
line of sight (de la Beaujardi~re et al., 1977). The ion veloc- to discuss the computation of the time lag from the IM P-8
ity measurements by Sondrestrom (Fig. 2, panel g) indi- spacecraft to the subsolar magnetopause. The knowledge

cate an incursion of eastward flow into the radar field of of this time lag is important in order to separate changes
view from the north starting at -2215 UT (-2015 MLT); in ionospheric convection which may be due to one of

the reversal in flow between eastward and westward flow several causes, e.g. change in IMF orientation, solar wind

moved steadily equatorward over the next 30 minutes pressure pulses or substorm effects. By removing this time

reaching 72 'A. Between 2245 UT and 2254 UT the flow lag, the time from the subsolar magnetopause to the iono-

reversal moved rapidly poleward and the flow subse- spheric instrument, identified as A T,4R by Lockwood and

quently became westward over the whole field of Cowley, (1988), can also be estimated. The calculation

view and remained essentially so until -0000 UT. At employs results from a gas-dynamic model of the flow of

-0010 UT there is evidence of a localised region of equa- the magnetized solar wind around the magnetosphere

torward flow near 73 'A, which extended to below 70'A (Spreiter and Stahara, 1980). Time lags based upon this
on the following scan and later extended poleward, also model have been utilised in several recent studies

eventually covering the complete latitude range by (Etemadi et al., 1988, Freeman and Southwood 1988,
0040 UT. After 0100 UT and until 0400 UT, the flows Freeman et al., 1990, Lester et al., 1990).

became rather irregular with predominantly westward The calculation assumes that the velocity of a fluid

flow at latitudes >77'A. equatorward and mainly east- parcel in the solar wind upstream of the Earth's bow
ward flow at - 75 'A and below. The Sondrestrom opera- shock is unaccelerated and directed anti-sunward. An-

tional mode described earlier made measurements of the other assumption is that the measurement at the space-

E region electron number density between 71 'A and craft is representative of a "phase front", which is at some

76 'A. During this interval there was evidence of particle angle, 0b, to the Sun-Earth line. The front is assumed to be

precipitation and auroral arcs with densities above linear over a greater scale size than both the orthogonal
10' m- 3 at 125 km altitude between 0017 UT and 0032 spacecraft distance from the Sun-Earth line and the cross

UT and again from 0116 UT to 0140 UT. On both occa- section of the magnetosphere (- 40 RE) (but see Rostoker

sions the equatorward border of the precipitation contin- et al., 1983). The time taken for the phase front, travelling

ued beyond the radar field of view. The poleward edge with the local solar wind velocity v., to reach the subso-
was evident, occurring near 73 'A in the first case and lar bow show, T,, is given by

poleward of 76/A in the second. (X-(1 +fl) D+LtanO)
The incoherent scatter radar at Millstone Hill oper- It =(1)

ated a beamswinging programme similar to the UK EIS-
CAT Polar experiment. The Millstone experiment where X is the geocentric upstream distance of the space-
pointed in two direction, on either side of magnetic north, craft, (1 + 13) D and D are the geocentric distances to the
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subsolar bow shock and magnetopause respectively and not reproduce all of the features noted in the averaged
L is the orthogonal distance of the spacecraft from the convection pattern measured by Sondrestrom on the
Sun-Earth line. The time taken to traverse the subsolar nightside. Another nightside asymmetry in the convection
magnetosheath is given by flow due to differing B, conditions was reported by Bur-

rage, (1988) who demonstrated that the nightside flow re-
8, D (2) versal measured by SABRE occurs about an hour earlier

U, when B, is positive. This observation has been subse-

This value is deduced from the model of Spreiter and quently supported by observations showing the movement
Stahara, (1980) which implies that the subsolar magne- of the nightside flow reversal, or Harang discontinuity, to
tosheath velocity falls approximately linearly from v,.4 later local times in the southern hemisphere when IMF By
at the bow shock to approximately zero at the magneto- became; less negative (Dudeney et al., 1991).
pause. As discussed by Lester et al., (1990), the expression During interval I the IMF B9 component was predom-
for r_, is an approximation based upon the assumption inantly positive with two excursions of negative polarity,
that the phase front motion does not entirely stagnate in 2201 UT-2213 UT and 0006 UT-0048 UT, at IMP-8
the subsolar region. but that magnetic reconnection or (-2213-2225 UT and 0018-0100 UT at the subsolar
MHD waves affect the transport of information in the magnetopause). Neither time is particularly well suited
subsolar region. The value of /3 ranges from 0.20 to 0.25 for investigating the effect of B, on ionospheric convec-
(Spreiter and Stahara, 1980). The total lag from spacecraft tion in the post dusk local time sector or the response
to subsolar magnetopause is given by time of changes in B,. The former, apart from being brief,

only 12 minutes, occurred during an interval of positive
(3) B. and both changes of By polarity were gradual rather

Vý than steplike. Based upon the average results of de la

The geocentric subsolar magnetopause D is given by Beaujardi~re et al. (1986), a change of B9 from positive to
negative would result in a change of flow direction from

IBeard, 1960) westward to eastward in the 18-02 MLT sector and at

( -"B2 "16 latitudes greater than 70-'A. Such a change in flow direc-
D = RE (4) tion was first seen at 2225 UT. The interval of eastward

\2pt Pý flow then lasted for at least 20 minutes, changing at all

where B,, (= 31 000 nT) is the equatorial magnetic field latitudes between 2244 UT and 2254 UT, much longer
strength, p, is the permeability of free space and P,, is the than the 12 minute interval of negative B, polarity. De-
upstream dynamic pressure of the solar wind. The geo- spite the brief interval of negative B,. the interval when B,
metrical field compression factor, x, can range from 2 to was less than 10 nT did last for 30 minutes. The exact
3 (Freeman et al., 1990). relationship between the incursion of eastward flow and

Taking account of the various values of density and the change in By is unclear in this case.
velocity during interval 1 and assuming 1I1 <45' we find The effect of the second change to negative By is diffi-
that the lag varied from 12 + 5 minutes at the start of the cult to assess since it ocurred just after the expansion
interval to 10+4 minutes at the end. The variability phase onset. There were no similar incursions of eastward
would be reduced by some 2 minutes if the phase front flow at latitudes > 77 'A during the second interval of
normal is restricted to being tilted in the X-Y GSM Dlane. negative B... The flow after the expansion phase of the

substorm, i.e. from about 0100 UT onwards, was typical

Elfect of reversal of IMF B, of the positive B,. conditions that then prevailed.
on nightside ionospheric convection Although the general features of flow measured by the

EISCAT CP-3 programme can be related to the IMF, the

The control on the nightside ionosphere convection pat- response time of the ionospheric convection to changes in
tern exerted by the IMF can be dividcd into two major the IMF cannot be estimated accurately because of the
effects: asymmetry of the ionospheric convection pattern relatively long scan time, 30 minutes. An incursion of west-
due to the azimuthal component of the IMF, BY; the ward ion flow which was first observed at - 72°A on the
change in convection flow magnitude due to changes in scan starting at 2300 UT (-- 0130 MLT) is consistent with
the north-south component, B.. A southward turning of the averaged ion flows at Sondrestrom for positive B, at
the IMF can also be regarded as the onset of the substorm an MLT of -,0130 MLT (de la Beaujardiire et al., 1986)
growth phase (McPherron. 1979) and this is discussed which indeed was the situation during this time. From
later. There is observational evidence for significant dif- 2300 UT to 0300 UT this westward flow was absent on
ferences in the average nightside ionospheric convection only two scans, those starting at 0030 UT (-.0300 MLT)
for different signs of the B, component (de la Beaujardiere and 0200 UT (-.0430 MLT). In the former, the lack of
et al., 1986, Foster et al., 1986). The average flow direction westward flow could have been due to either the BY com-
measured by Sondrestrom between 1800 MLT and ponent turning negative at 0019 UT at the subsolar mag-
0200 MLT is predominantly westward under positive B, netopause, which lasted until 0100 UT, or the B. compo-
conditions compared with eastward at latitudes above nent turning positive at -0015 UT, or the substorm that
70'A for negative B,, conditions. Many models of iono- occurred at 0006 UT. Westward flow was not present
spheric convection (e.g. Friis-Christensen et al., 1985; from 0300 UT (-0530 MLT), even though B, remained
Reiff and Burch, 1985: Heppner and Maynard, 1987) do positive. This, however, is still consistent with earlier Son-
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drestrom observations for positive B, ide la Beaujardiere local time sector - 1800 MLT). with a further 10 minutes
et al., 1986) since the boundary between westward and for the new convection magnitude to be established. This
eastward flow was moving to successively higher latitudes latter time scale may not correspond to an intrinsic re-
between 0200 and 0400 MLT. sponse time of the magnetospheric system, but rather a

response to an increasingly negative B. component over
the 10 minute interval after the polarity reversal.

The substorm growth phase Estimating accurately a time lag for the onset of en-
hanced convection in the EISCAT local time sector due to

The substorm growth phase has been a topic of some the southward turning is difficult because of the time res-
controversy since it was first proposed (McPherron, olution of the EISCAT scan. However, at latitudes
1970), in particular the causative nature of the growth 61 <A<68W the magnitude of the ion flow within the
phase within the overall substorm process remains un- EISCAT field of view increased between the scans
clear. Foster et al.. (1971) demonstrated that the AE in- (2249 +07) UT and (2319+07) UT. but based upon the
dex, which estimates the maximum auroral magnetic dis- measurements at higher latitudes this increase probably
turbance at any local time, begins to increase at the time occurred between (2305 +02) UT and (2335 +02) UT.
of the IMF B. southward turning and that the average Thus the lag was between 10 and 65 minutes. The Wick
duration of this growth phase is 80 minutes. Describing observations of coherent backscatter did not start until
the features of the growth phase McPherron 11979) noted 2320 UT and then initially only at low intensity. This fact
that it began with a southward turning of the IMF lead- implies that the effect of the southward turning of the
ing to an increase in the magnetic flux in the geomagnetic IMF takes of the order 40- 50 minutes to reach the night-
tail. side ionosphere at these latitudes and local time. No sub-

During interval 1, B_ turned southward at - 2222 UT storms occurred before 0000 UT, which implies that the
at the spacecraft after an intcrval of over 2 hours of north- increase in flow magnitude at EISCAT and the onset of
ward IMF. This reversal reached the magnetopause some backscatter at Wick are most likely to have been due to
7-17 minutes later. At latitudes 74'<A<76' Son- the southward turning of the IMF.
drestrom measured a clear increase in flow magnitude These observations imply that there was a lag in the
between 2240 UT and 2250 TJT and at A < 730 between effect of the southward turning to be transmitted to the
2257 UT and 2307 UT. This would imply a time lag of ionosphere, which is summariied in Fig. 4, ,'i'h the re-
1-21 minutes at high latitudes and 18-38 minutes at sponse time at the 4 stations is plotted with the western
lower latitudes for the effect of the change in B. at the most station on the left and the eastern most station on
subsolar magnetopause to be transmitted to these lati- the right. The MLT range in the figure is - 1800 MLT at
tudes and local time. No clear onset to the increase in flow Millstone Hill to -,,0200 MLT at EISCAT. Although
magnitude can be identified at latitudes> 77 °A, although there are two estimates from different latitude regions at
between 2245 UT and 2255 UT the convection reversed Sondrestrom no account has been taken of the different
from eastward to westward. latitudes of the stations. These observations extend the

The ionospheric convection flow magnitude measured previous work which identified the response time of iono-
by Millstone Hill started to increase between 2244 UT, spheric convection in the dusk sector to a southward
when the flow at 67.5'A was 202 ms ', and 2249 UT. turning of the IMF (Etemadi etal., 1988; Todd etal.,
when the flow was 441 m s- . Eventually the flow sta- 1988) into the midnight sector.
bilised at - 800 m s - at 2258 UT. These observations A second point regarding the response to the south-
indicate a lag of between 5 and 20 minutes for the effect ward turning of B. concerns the overall length of the
of the southward turning of the IMF to have reached this growth phase of the substorm in interval 1, from south-

ILi



564 M. Lester et al.. The response of the large scale ionospheric con•,ection pattern to changes in the IMF and substorns"

ward turning to the ,&.,pansion phase onset. Based upon CAT and Sondrestrom indicate a poleward leap of the
the timing of the southward turning at the subsolar mag- auroral particle precipitation at EISCAT at the time of
netopause during the first interval, i.e. 2234 UT-+-5 min- the expansion phase onset and an enhancement of the
utes, the growth phase of the isolated substorm lasted E-region electron number density below 74 . at Son-
between 87 and 97 minutes. S-_ ne studies, which have drestrom from 0016 UT until 0032 UT. The convection at
attempted to measure the res.,Jnse of the overall magne- Sondrestrom below 73 .1 in the 2200 MLT sector turned
tospheric system to the ene. .y input from the solar wind, predominantly equatorward between 0005 UT and
have demonstrated t.... nis response is characterised by 0015 UT. Unfortunately. there were two changes in the
two different timeýcales (Bargatze et al., 1985). Each of IMF near the expansion phase onset: B. turned positive
these two resr,pnse times, -. 20 minutes and -- 60 minutes, at 0000 UT j- 0012 UT at the subsolar magnetopause);
are dominant under different conditions. the shorter re- and B, turned negative at 0006 UT (-0018 UT at the
sponse -ime for strongly active conditions, minimum AL subsolar magnetopause). It is unlikely that the northward
in,•• . of - 1250 nT, and the longer response time for turning resulted in this flow change in the Sondrestrom
moderately active conditions, minimum AL index of field of view. It is hard to understand why a change to
-600 nT. The minimum AL index for this substorm in- northward B. component would result in equatorward
terval was - - 500 nT, indicative of moderate magnetic flow at the lowest latitudes in the field of view alone. If the
activity. In contrast, a computer simulation study iKan convection pattern were to contract due to the northward
et al., 1988) predicts that auroral substorm onset occurs turning, the flow would be expected to turn poleward le.g.
about 40 minutes after a southward turning of the IMF Lester et al.. 1990). Such a poleward contraction of auro-
In this simulation, however, two necessary conditions for ral zone convection may have occurred at EISCAT - 30
substorm expansion phase onset are I1) the polar cap minutes after substorm expansion phase onset, although
potential must exceed a certain value and (2) the nightside the timing is inaccurate because of the nature of the EIS-
convection reversal region must overlap with the pole- CAT scan. The region of most intense particle precipita-
ward gradient of the diffuse auroral conductance in the tion moved poleward between -0040 UT and 0110 UT.
ionosphere in the midnight sector. coincident with the brief northward turning of the IMF

In summary, for the substorm in interval 1 there are between 0000 UT and 0030 UT, after taking account of
two separate aspects of the response of the magnetospher- the delay time between IMP-8 and the subsolar magneto-
ic system to the southward turning of the IMF. Firstly, the pause and the response time of the magnetosphere. A
increase in convection flow magnitude, in response to the more protracted poleward retreated occurred later dur-
southward turning of the IMF, is indicative of the growth ing the sustained northward IMF interval. There is no
phase and represents a directly driven" component. The evidence from the average convection flow for either sign
response time is variable, depending upon the local time of B, (de la Beaujardiere et al., 1986) to suggest that this
and latitude of the radar field of view, ranging from 5- 20 equatorward flow was due to the change in the B, compo-
minutes at Millstone Hill to 41 -51 minutes at Wick. The nent, since for both signs of B, the averaged measure-
second aspect is the overall length of the growth phase ments imply westward flow in this local time sector at the
which is 90 minutes and is, longer than either the second latitudes below 73 'A. Average convection patterns, how-
response time of Bargatze et al., 11985) or the prediction ever, can be misleading when discussing individual case
of Kan et al., f1988), but in keeping with the statistical studies, especially at local times when the B, imposed
average determined by Foster et al., (1971). Furthermore, asymmetry is most significant, i.e. in the cusp and Harang
our study clearly shows that enhanced sunward convec- discontinuity local time. However, the timing of the
tion occurred in both the evening and morning convec- change in B6 suggests that the equatorward flow was
tion cells during the substorm growth phase. more likely a result of the substorm expansion phase on-

set at 0006 UT. The flow direction at this MLT was pre-
dominantly out of the polar cap with the flow in the

Expansion phase northern latitudes towards earlier local time. Thus it
seems that the nightside equivalent of the dayside merg-

The expansion phase of the substorm during interval I ing gap, i.e. the site of nightside reconnection probably
began at 0006 UT based upon the first Pi2 observed by mapped into this particular part of the ionosphere during
the EISCAT cross magnetometer. Based upon magne- this substorm.
tometer data from Lerwick the westward edge of the sub- Goose Bay observations at - 1 hour local time earlier
storm current wedge (McPherron et al., 1973) was to the than those at Sondrestrom were somewhat patchy be-
west of the Lerwick meridian. Data from the Greenland tween 0000 UT and 0020 UT, but after this there was an
magnetometer network (E. Friis-Chri.' nsen, personal interval of E region backscatter at latitudes <68 'A with
communication, 1992) indicate a substorm enhanced line of sight velocities consistent with westward flow. The
westward electrojet centred at -,71 'A at 0012 UT on latitudes of the Goose Bay observations were equator-
both the west and east chains of the network. Thus the ward of the Sondrestrom field of view. This further con-
westward edge of the substorm current wedge at expan- firms, therefore, that the equatorward turning of the flow
sion phase onset was located between the Lerwick merid- observed by Sondrestrom was associated with the Ha-
ian and the eastern meridan of the Greenland chain and rang discontinuity. The rapid appearance of the flow re-
was followed by a westward expansion of the electrojet. versal at 0100 UT, rather than a gradual reversal in flow,
Measurements of the E-region electron density at EIS- suggests that this was due to the expansion phase onset.
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East of the break-up region the ionospheric convec- both H and Z components at stations originally equator-
tion exhibited two separate changes. The EISCAT scan .,ard of the electrojet centre (Rostoker er al., 1980). Based
starting at 0000 UT -,0230 MLT) retained the westward upon data from the EISCAT cross magnetometer the ear-
flow at high latitudes. The first observation of eastward liest time the recovery phase could have started was
flow occurred at - 0013 UT. 7 minutes after the expansion 0025 UT. This time was well before the last P12 pulsation
phase onset, at 66 J. It would seem therefore that there of this particular substorm. 0116 UT. suggesting that ei-
was little immediate effect on the ion convection due to the ther the recovery phase did not in fact finally start until
substorm at the higher latitudes. At Millstone Hill west- after 0116 UT. or there was some residual activity during
ward convection at 65 A1 was enhanced to > I km s- the initial stages of the recovery phase. Based upon the
throughout the substorm, while a lesser response was radar data, the onset of the recovery phase occurred be-
observed at higher latitude. The enhanced westward elec- tween 0100 UT and 0130 UT. A sudden decrease in the
trojet identified in the EISCAT magnetometer data oc- convection strength was observed at - 0100 UT at Mill-
curred at latitudes <69 .1. i.e. where the ion flow was stone Hill and there was a significant poleward jump in
eastward on the EISCAT scan. On the scan starting at the eastward convection and electron precipitation at
0030 UT I (-0300 MLT), the flow was predominantly -0130 UT at EISCAT, coincident with the largest single
eastward and this would appear consistent with both a B, increase in the H component on the EISCAT cross mag-
sign change and perhaps the contraction of the polar cap netometer. This and other similar convection and precip-
boundary on the nightside due to substorm activity as itation changes are attributable to northward IMF turn-
previously reported iClauer et al.. 1989: Lester et al.. ings with - 30 minute lag. Based upon the magnetometer
1990). The polar cap boundary in these earlier studies was data from the post midnight sector the recovery phase
identified as the boundary between eastward (sunward) lasted until -0200 UT which means that the whole iso-
flow and westward jantisunward) flow. Assuming the lated substorm lasted about 3.5 hours. Note. however,
same definition, then the polar cap boundary moved that throughout the recovery phase the ionospheric flows
poleward from -67 -A to above 72 ',1 in a maximum of estimated by Sondrestrom remain strong.
19 minutes, a minimum poleward speed of -- 500 m s-',
which is consistent with the values of Clauer et al., (1989)
and Lester et al.. (1990) who estimated poleward veloc-
ities of the polar cap boundary of -300 m s- and 4 Interval 2 - 1800 UT 2/6/87 - 2400 UT 2/6187
2000 m s-I respectively. However, in these studies the
effect of the sign of B, was not considered. In the one Interplanetary conditions
case iClauer et al., 1989) the IMF was unknown and in
the other (Lester et al.. 1990ý the B, component was The IMF, as measured by IMP-8, which was located at
--0 nT. GSM coordinates X - 36 R,. Y -6RE and Z - - 16 RE,

There remains a question over the nature of the trig- was remarkably steady during the second interval as well
gering mechanism of the onset of the expansion phase. as being aligned more or less radially towards the Earth
The mechanisms can be divided into those external to the (Fig. 5). The total magnetic field (not shown) remained
magnetosphere, e.g. changes in the orientation of the IMF near 5 nT throughout the interval. The B, component
(Rostoker eta!., 1983), or those internal to the magneto- (Fig. 5, panel a) was about -3 nT throughout. apart from
sphere, e.g. plasma instabilities in the magnetotail (Lui a brief interval between 2050 UT and 2110 UT. when all
et al., 1990). There is considerable evidence (e.g. Caan three IMF components changed. The B, component
et al., 1977- Pellinen et al., 1982; Rostoker er al., 1983) that (Fig. 5, panel b) was in general close to zero or just slightly
a northward turning of the IMF can lead to a release of negative apart from the intervals 1800 UT to 1840 UT
the energy stored in the magnetotail during the preceding and 2004 UT to 2110 UT. The B: component (Fig. 5,
interval of southward IMF. The northward turning of the panel c) was positive at the start of the interval but ap-
IMF at 0000 UT may have been the trigger for the expan- proached 0 nT at about 1840 UT and remained so until
sion phase onset at 0006 UT. The time lag from IMP-8 to 2050 UT. After this B. remained positive apart from an
the magnetopau!e. -• 12 minutes, would suggest that this interval between 2130 UT and 2142 UT, at which time it
is unlikely. However, as mentioned earlier, the interval of became - 0 nT until 2305 UT. The solar wind speed never
northward IMF between 0000 UT and 0030 UT is coinci- exceeded 460 km s - ' during the whole of the second in-
dent with an interval when the region of particle precipi- terval. At the start of the second interval, the solar wind
tation observed by EISCAT moved poleward. speed was -- 440 km s- I and by 2400 UT -420 km s-',

the lowest value of the interval. The number density was
much lower than in the previous interval, ranging from 2

Recovery phase to 4 cm- ". At - 2040 UT the speed increased from 420 to
460 km s'. This increase occurred at the same time that

The onset of the recovery phase can be defined for high the density increased from 2 to 4 cm -', and just before the
latitude magnetometers equatorward of the westward change in tne IMF orientation (2050 UT to 2110 UT). At
electrojet and east of the auroral break-up by a poleward the start of the interval, based upon the solar wind veloc-
leap of the westward electrojet and of energetic particle ity and density, the time lag from IMP-8 to the subsolar
precipitation JMcPherron, 1979). The poleward leap in magnetopause was 11 + 5 minutes and at the end 10+ 5
the electrojet results in an increase in the magnitude of minutes.
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S10 The European sector

,0 _ The magnetic activity during the second interval was qui-
b L- - eter than the previous one and this is illustrated by corn-

0 -parison of the X component data from SOR and PEL of
-- - -o the EISCAT cross magnetometer for the second interval

(Fig. 5, panels d and e respectively) with those in Fig. 2,

d O -------- - panel d and e (note the different scales in the two figures).
" "The maximum variation in interval 2 was less than

\• ,, 100 nT at all of the stations compared with at least
1|00 nT 300 nT in the firs. ýnterval. There were two separate peri-

ods of Pi2 wave activity, one starting at 2019 UT and the
other starting at 2118 UT. It is unclear whether this activ-

e PELity represents one overall substorm expansion phase or
two different expansion phases as will be discussed below.

S . , / , I~ - The first period of Pi2 wave activity consisted of up to
..- " /, . three intensifications, identified in filtered data by Pi2

S72.2. 7 2. : pulsations. There was a weak eastward electrojet ismall
"" " " 'positive X component bays, and positive Z component

ýz .bay at SOR and negative Z component bays a KAU and

60 " MUO) at the time of the first Pi2 pulsation. This weak
'4- "eastward electrojet implies that the auroral break-up as-
- ,. sociated with this expansion phase onset was to the east

and/or poleward of the EISCAT magnetometer cross.
Simultaneously with the second interval of Pi2 wave ac-

M s tivity the Harang discontinuity swept over the magne-
7 L tometer stations from east to west, evident from the polar-

-I _- "' ity change of the X component at 2119 UT. This break-up
obviously also started to the east of our network. Subse-

", " quent intensifications occurred at 2124 UT, 2131 UT and
- . ... .. 2136 UT (again identified by Pi2 pulsations) and a mag-

netic bay was evident at the time of the last of the Pi2
pulsations. The siggns of the bays in both H and Z compo-K nents at the various EISCAT magnetometer cross sta-

g T- -tions, although small, suggest that there was a weak, sub-
:s•o -storm enhanced, westward electrojet centred between the

stations SOR and ALT (67.3 -,A and 66.6 ,A).
0 7,5. -. A The EISCAT ion velocity measurements (Fig. 5, panel f)

indicate that the convection was very weak within the
-5 EISCAT field of view for much of the interval. Starting

with the scan which began at 1830 UT (~2100 MLT),
there was a gradual equatorward incursion of westward

> -500Jr
h is 19 20 . and equatorward flow. although the magnitude of the

UTr flow was in general less than 500 m s '. At 1936:40 UT
Fig. 5. Panels a-c. Interplanetary Magnetic Field data from and 1938:00 UT the flow was poleward at two positions.
1800 UT on 2 June 1987 (Day 153) to 2400 UT on 2 June 1987 (Day but apart from these two measurements, the flow re-
153). The data are plotted in GSM coordinates. Panel d, e. The X mained westward at latitudes > 670°A until the scan start-
(North-South) component of the magnetic field measured by SOR ing at 2100 UT (- 2330 MLT). After 2100 UT the flow
and PEL stations of the EISCAT magnetometer cross for the same
interval. The scale is given to the right of the panel. Panel f. Tri- became ill defined and highly variable, remaining so until
static measurements by EISCAT of the ion velocity perpendicular to 2300 UT ( - 0130 M LT) when the flow at latitudes above
the magnetic Field at 275 km s-' altitude for the same interval. The 70 'A was eastward.
scale is given to the right of th,: panel. Panel g. Estimates of the ion The range corrected returned power at 115 km over-
velocity perpendicular to the magnetic field by the Sondrestrom lays the F region ion velocity measurements in Fig. 6.
incoherent scatter radar for the same interval. The scale is given to There were two intervals of particle precipitation both of
the right of the panel. Panel h. Estimates of the east-west component
of the ion velocity perpendicular to the magnetic field by the Mill- which were related to Pi2 wave activity identified by the
stone Hill incoherent scatter radar for the same interval for two arrows. The first was observed by the radar only on the
latitudes, scan starting at 2030 UT and over the latitude range from

68'A to 69'A and the time interval 2032:20 UT to
2036:40 UT. The second was more extensive both in lati-
tude and in time. The first indication of precipitation was
at 2138 UT at a latitude of 67'A and continued until
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Fig. 6. Estimates of electron density measured by EISCAT at 115 from Fig. 5 f. Bars at the top and bottom of the panel represent
km altitude as a function of time and latitude for the interval shown intervals of negative B9 and B_ < 0 nT respectively and the arrows
in Fig. 5. The colour code is given on the right of the panel. Over- represent the times of Pi2 pulsations.
laying the electron density mcasuremets are the velocity vectors

2145 UT at 67 'A. On the following scan, the precipita- flow at all latitudes returned to westward. Furthermore,
tion covered the latitude range from 66 'A to 69 'A and as this eastward flow moved equatorward the flow magni-
then on each of the following scans the equatorward tude at latitudes below 73 -A began to increase. After
boundary of the precipitation moved poleward. The rela- 2020 UT there was evidence for a localised band of flow
tive lack of precipitation during the first interval of Pi2 with significant equatorward component between 71 :A
wave activity is consistent with the view that the auroral and 73 'A. At latitudes below 71 -A the flow was westward
break-up associated with this expansion phase was pole- and typically > 500 m s- '; at latitudes above 73 -A the
ward and to the east of the magnetometer longitude. The flow was also westward but typically < 500 m s -'. The
onset of the second interval of precipitation was coinci- convection remained like this until about 2140 UT when
dent with the final Pi2 pulsation, which was also the only the flow at latitudes above 71 'A became eastward with
Pi2 to have an associated bay at the EISCAT longitude, significant equatorward component at latitudes above

77°A. The flow at all latitudes became predominantly
equatorward after 2320 UT.

The American sector The convection flows measured by Millstone Hill at
the two latitudes 67.5 'A and 65 'A (Fig. 5, panel h) were

Although coherent backscatter was first observed by the considerably weaker in this interval than in the first
Goose Bay radar during the second interval at (Fig. 2, panel h). At 65 "A the flow magnitude (not shown)
-2110 UT "- 1810 MLT), it was not until - 2140 UT was less than 150 m s-t throughout the whole interval,
(- 1840 MLT) that the flows became sufficiently well or- although the direction was predominantly westward.
dered that vector flow measurements could be made. The There were, however, stronger flows at 67.5 'A. although
westward flow estimated after 2140 UT occurred over a the flow was larger than 300 ms-' only between
limited latitude range between 71 'A and 73.5 3A until 2215 UT and 2314 UT, peaking at 450 m s- at 2220 UT.
- 2235 UT (- 1935 MLT) when the backscatter ceased. The direction was westward throughout the second inter-
The backscatter did return at 2220 UT, continuing until val.
0140 UT, with the convection initially being westward,
although the flow increased considerably after 0020 UT.

The convection flows measured by the Sondrestrom 5 Discussion - interval 2
radar are somewhat complex (Fig. 5, pane' g). At 1800 UT
the flows were relatively weak, typically < 500 m s- , and The IMF during the second interval was remarkably
predominantly westward. From - 1920 UT there was an steady, weak. - 5 nT. and polarised predominantly in the
incursion of eastward flow at high latitudes which moved GSM X direction. Furthermore, any changes in the IMF
equatorward reaching 77 5A until -2005 UT when the were very small. During the second interval, therefore, we
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concentrate primarily on the substorm activity with some the time of the last Pi2 pulsation of the first interval of
reference to the B.. component. The second interval con- wave activity, 2049 UT, as the earliest time that the
tained two periods of Pi2 wave activity which had rela- growth phase could have begun, the growth phase could
tively weak effects on the planetary activity identified by only have lasted for 30 minutes. The minimum in the AL
the Kp index. However, the pulsations identify at least index was only - 80 nT at - 2220 UT, some considerable
one substorm expansion phase, and there was enhanced time after the final Pi2 pulsation in interval 2. However,
particle precipitation in the European sector coincident the contributing station to the AL index throughout the
with the wave activity, interval of substorm activity was Cape Chelyuskin which

was located between 0400 and 0600 MLT, indicating that
the location of the auroral break-up was probably pole-

The substorm growth phase ward of all of the statior.s that contribute to AL.

We again consider two aspects of the response to a change
in B., i.e. the response at each station and the overall The substorm expansion phase
length of the growth phase. The ionospheric response to
the changes in orientation of B. during the second inter- To clarify the discussion here it is necessary to determine
val is much harder to quantify because the B: component if one or two expansion phases occurred. Two intervals of
was truly negative only for a short period of time (2140- Pi2 wave activity occurred, separated by about
2152 UT at the subsolar magnetopause), although there 30 minutes. There is, however, no strict definition of the
are two long intervals where B: was approximately 0 nT, time interval between substorm expansion phases. As
- 1850 to 2100 UT and 2152 UT to 2315 UT at the sub- mentioned above, there is no evidence for a second
solar magnetopause. At Sondrestrom, the only evidence growth phase. Perhaps the best indicator that a separate
of an increase in the convection flow magnitude in re- expansion phase begun is the location of the auroral
sponse to the change of B_ to 0 nT was seen at latitudes break-up, which cannot be determined here, but probably
below 73 A, at about 1920 nT at 73 A and - 1950 UT at occurred to the east and poleward of the EISCAT field of
70'/1. There is no evidence of a specific time when the view. The only evidence for auroral precipitation during
flow increased in magnitude in response to the southward the Pi2 wave activity was at EISCAT and only during the
turning of B_ at 2140 UT. This was probably because the later stages of each interval. It is, therefore, perhaps pru-
southward turning occurred during a substorm expan- dent to conclude that the two intervals of wave activity
sion phase. At Millstone Hill there was no response to the actually represent one expansion phase.
change of B: to 0 nT, but there was an increase in flow The expansion phase onset of this second interval oc-
magnitude after 2200 UT in response to the southward curred at -2019 UT. Although particle precipitation at
turning at 2140 UT. At EISCAT there was no response to EISCAT occurred on the scan starting at 2030 UT
either period of B: <0 nT. Thus, the response time ap- (-2300 MLT) and at latitudes above - 67°A there was
pears to be between 30 to 60 minutes at Sondrestrom, no substorm associated signature in the EISCAT flow
depending upon latitude, and > 20 minutes at Millstone measurements. Likewise there was no associated signa-
Hill, both of which are longer than the corresponding ture in the Sondrestrom sector (1820 MLT) or Goose Bay
response time at these stations during interval 1, when sector (- 1720 MLT).
they were at a later MLT. Enhanced particle precipitation in the E region in the

Prior to the initial expansion phase onset at 2019 UT, EISCAT local time sector (0000 MLT) occurred on the
there was no southward turning of the IMF although the scan following the start of the second interval of wave
IMF B_ component did change from -3 nT to 0 nT at activity, i.e. 2130 UT, and after the final intensification of
1851 + 5 UT at the subsolar magnetopause. Taking this this substorm. The response of the convection during this
change as the onset of the growth phase we find an overall second period was somewhat variable. In the EISCAT
length of the growth phase of between 81 and 91 minutes. sector, the main feature was increased eastward flow be-
The minimum value of the AL index during the first inter- tween 2130 and 2200 UT, which was related to the en-
val of Pi2 wave activity was only - -40 nT at 2040 UT. hanced westward electrojet associated with the final in-
The small values of AL should not be unexpected. It is tensification of this expansion phase. In the Sondrestrom
probable that the polar cap was very small throughout sector, the main feature was the continued strong west-
this growth phase because of the weak energy input from ward flow at latitudes - 70 A during an interval of north-
the solar wind. This small polar cap would imply that the ward IMF. The flow at higher latitudes remained pre-
electrojets, to which the AL index is sensitive, were at dominantly equatorward during the expansion phase,
higher latitudes than the stations that provide the data to consistent with flow out of the polar cap.
produce the index. The inability of the AL index to act as The possibility of an external trigger mechanism for
a sensitive indicator of substorm activity during weak the expansion phase onset at 2019 UT is unlikely. Up to
activity such as discussed here has been documented be- 2040 UT the solar wind velocity and density remained
fore (see for example Baumjohann, 1986). fairly stable. The IMF was also stable, although there was

There was no evidence for a substorm growth phase a change of orientation at 2050 UT, from mainly directed
prior to the second interval of Pi2 wave activity, the onset in the negative X direction to the Y-Z plane with a posi-
of which occurred at - 2118 UT during an interval of tive Z component. This orientation was reversed at 2110,
northward IMF, which had started at 2050 UT. If we take although the IMF remained slightly northward. Either of
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these two reversals may have triggered the second inter- The trigger mechanism for the substorm expansion
val of substorm activity at 2219 UT. phases is unclear. The substorm in interval ! may have

been triggered by a northward turning of the IME How-
ever, in interval 2 the solar wind and IMF conditions are

The recovery phase such that it is hard to identify any external triggering
mechanism for the expansion phase. It is possible, howev-

Assuming that there was only a single expansion phase, er, that a change in the IMF orientation did result in the
the recovery phase began at 2143 UT, the time at which second interval of Pi2 wave activity. This may have been
the X component at SOR reached its minimum value, the reason why there was such a gap in the Pi2 wave
This was after the final Pi2 pulsation in the expansion activity.
phase. The X component at SOR took about 2 hours to One final point concerns the response of the iono-
reach a value similar to that prior to the expansion phase. spheric convection to the southward turning of the IME
This implies an overall length for the substorm of over The ionospheric convection flow magnitude increased at
4.5 hours, which would seem very long for a period of all local times, but the response time varied with local
weak energy input from the solar wind as determined by time, increasing from - 20 minutes at - 1800 MLT to
the solar wind parameters. - 50 minutes near midnight. The overall length of the

growth phase measured for the two substorms was 90

6 Summary minutes, longer than that predicted by linear prediction
filtering techniques (Bargatze et al., 1985) or by a simula-

Multi-point observations o0 ionospheric convection tion of magnetosphere-ionosphere coupling (Kan et al.,

made during two intervals of variable IMF B. and By 1988). In one case, there is evidence for a westward move-
which also contained a number of substorms have been ment of the location of the evening flow reversal in re-

described. The two intervals differed markedly and in sponse to the substorm. An example of a brief burst of

summary we present a comparison of three features of the equatorward flow during the growth phase of one sub-

substorms during these intervals: the input conditions, storm and apparently steady solar wind conditions was
the output level and the possible trigger mechanism. The observed. Such variations in the ionospheric convection
input conditions are determined by the IMF and solar during the growth phase are of considerable interest at
wind parameters. The solar wind energy input is normally the moment.
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